The increasing demand for high energy density lithium ion batteries motivates a search for alternative electrode materials. Experimentally obtained graphene-based structures have been suggested to replace the state-of-the-art graphitic anode. For a thorough characterization of Li adsorption on graphene, we study the interaction of Li with graphene both at zero and finite temperatures. The zero temperature study was carried out by means of density functional theory (DFT) accounting for van der Waals (vdW) interactions while the finite temperature behavior was studied by Monte Carlo techniques with a DFT-derived Li-graphene interaction potential constructed via cluster expansion method. Our calculations reveal two distinct types of orderings of Li on graphene, Li-gas (dispersed Li-ion) and Li-cluster phases. The zero temperature calculations show that, even when vdW is included, the Li-graphene interaction is mainly electrostatic and phase separation to pristine graphene and bulk Li is energetically most favorable. At non-zero temperatures though, entropy contribution to free energy allows the lesser-ordered Li-gas and Li-cluster states to be more favorable at sufficiently low concentrations: At temperatures below 400 K and concentrations below 1Li:6C Li-gas and Li-cluster phases co-exist, while at higher concentrations only clusters remain stable. At temperatures above 400 K Li-gas phase can be stabilized with respect to Li-cluster or Li bulk at higher concentrations. Furthermore, small variations in chemical potential are shown to be enough to change that concentration threshold.
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Finally we show that the Li-cluster phases can have Li-island or Li-stripes ordering;
however Li-stripes appear due to the finite size of the simulation cell and therefore, the Li-island phase is expected to dominate in the thermodynamic limit instead.
INTRODUCTION
The need for high energy-density Lithium ion battery (LIB) technology is increasing with the increasing demand for portable electronic devices and electric vehicles. While alternatives are being developed, graphite has long been the typical negative electrode used in LIBs. [1] [2] [3] During charging, the Li + ions intercalate between the layers of graphite in a ratio of 1Li:6C, 4 corresponding to a theoretical specific capacity of 372 mAh/g. Graphene, the single layer of carbon atoms in graphite, 5 is also suggested as potential Li host by itself 6 due to doubling of the surface accessible for Li adsorption. However, Pollak et al. 7 presented experimental evidence that Li capacity of a single-layer graphene is less than that of graphite due to strong
Coulomb repulsion between Li ions on either side of the graphene layer. Nevertheless, experimental studies on non-graphitic arrangements of graphene have reported high Li-capacity in the 540-1500 mAh/g range, 6, [8] [9] [10] [11] [12] surpassing the graphite anode. These experimental observations suggest an apparent discrepancy where the building block, graphene, fails to host significant amount of Li ions while graphene-based materials can be very promising anode materials, despite a major amount of single-layer graphene presence within them.
Several theoretical studies based on Density Functional Theory (DFT) [13] [14] [15] [16] [17] [18] [19] [20] [21] attempted to elucidate the nature of high Li adsorption on graphene-based systems: Lee and Persson 13 showed that Li cannot reside on the surface of a defect-free single layer graphene in equilibrium with bulk Li metal and Li capacity would be lower than that of graphite. Li adsorption on graphene with defects, vacancies 14, 15 and edges [16] [17] [18] have also been investigated and the results revealed that the binding energy of Li decreases rapidly as its position moves away from the vicinity of the edges and defects, meaning that defects alone would provide a relatively small, local enhancement to adsorption. Hydrogen passivation of defects results in positive binding energy 15 with respect to bulk Li, similar to that of defect-free graphene, making the capacity of H-passivated defective graphene inferior to that of graphite. Therefore these theoretical studies do not provide a satisfactory explanation for the experimental observation of high Li uptake of graphene-based systems. It is important to note that these works explore single, dilute Li ion adsorption configurations. Studies on compact Li clusters show instead that the energetic stability of Li clusters on graphene increases with the cluster size [19] [20] [21] suggesting that the formation of compact Li clusters could explain the reported high Li uptake by graphene materials. However, the possibility of high Li uptake due to formation of Li clusters is not necessarily desired since a continuous growth of clusters on the anode may result in reduced battery efficiency and compromise safety of the battery.
Therefore the desired mechanism for high Li uptake is a dispersed configuration rather than clustering, especially if cluster growth is thermodynamically favored. Noting that the theoretical calculations mentioned so far were done at zero temperature while LIBs operate at room temperature or above, it is important to investigate whether thermal effects may favor dispersed Li configurations or may stabilize small cluster sizes.
Thermal effects on the adsorption of Li clusters on graphene were previously estimated in
Refs. 20 and 21 by choosing a random configuration as a reference, approximating the entropy through it, and by neglecting the configurational entropy of the clusters. In these studies, the formation of Li clusters was found to be stable against random distribution of Li ions for high concentration (1Li:6C) at 300 and 500 K; while at low concentrations (1Li:72C and lower) a disperse configuration was favored. Furthermore, Liu et al. 20 estimated nucleation barriers as high as approximately 15 eV for a cluster to form in dilute configurations (1Li:162C), suggesting that thermal effects may indeed stabilize disperse configurations. However these findings rest on a heavily approximated description of entropy, which is particularly critical in understanding the thermal effects.
In this work we systematically study Li adsorption on graphene in a wide range of concentrations and temperatures, using Monte Carlo simulations to accurately describe the configurational entropy. The paper is organized as follows: in Section 2 A, the computational details used for the zero temperature studies are presented, while the methods employed for finite temperature studies, the cluster expansion methods, the Monte Carlo techniques and thermodynamic integration, are presented in Section 2 B, C and D respectively. The results of the zero temperature studies are presented and discussed in Section 3 A. The finite temperature results are discussed in Section 3 B, C and D. Finally, we present our conclusions.
COMPUTATIONAL METHODS

2A. Zero temperature properties
We examined Li adsorption on graphene at zero temperature by means of Density Functional 
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The stability of Li upon adsorption on graphene was investigated by measuring the adsorption energy per Li ion, E ad , with respect to bulk Li:
where E(n) is the calculated total energy of the Lithium-adsorbed graphene of a given supercell size, E(n = 0) is the pristine graphene of same supercell size and E Li is the energy per atom in bulk Li in the body centred cubic (bcc) phase. When indicated as such, we also report adsorption energy with respect to the isolated Li atom in vacuum for comparison with literature. The energy difference between Li in vacuum and bulk is the cohesive energy which is calculated as 1.586 eV for rVV10 and 1.561 eV for PBE.
2B. Cluster expansion methods
In order to carry out an exhaustive sampling of the phase space at finite temperature, we construct a computationally affordable description for the configurational energy using cluster expansion (CE) method: We map the Li adsorption on graphene into a lattice model and describe the energy of a given configuration of Li-graphene system as a generalized Isinglike interaction energy. To simplify the model, we restrict Li adsorption geometry to 2D and the adsorption site to the hollow site (the hexagon centers), H of graphene. Occupation of other sites (the top of a carbon, T and the bridge, B, sites) and 3D Li configurations are beyond the scope of this work. Such a 2D model is compatible with experimental observations in which limited spacing between graphene sheets is found to prevent compact 3D Li growth. 6, 8, 36 In this model, a Li occupation number c i is assigned to each site i (c i = 0 if site i is empty and c i = 1 if site i is occupied by a Li atom, equivalent to the more common convention where spin-like variables σ i = ±1 are used) and a configuration is defined as C N = {c i }, with i = 1, ..., N for N lattice sites. The configurational energy E CE is then written as a linear combination of correlation functions Π f (C N ) with each function describing a figure f (a cluster of lattice points), the corresponding coefficient in the linear expansion J f being called the effective cluster interaction (ECI):
In a lattice with N sites, there are 2 
We use two parameters, J dd and α, to model the effective electrostatic interaction figures.
While J dd is the same for all sites, α parameter is used to distinguish the electrostatic interaction strength in the case of the isolated atom and the clusters:
where γ is an adimensional scalar parameter and N N i is the number of occupied nearest neighbors to site i. This electrostatic description of the model is motivated by the electrostatic behavior of Li-graphene interactions analyzed in Section 3 A. 
2C. Grand-canonical Monte Carlo
The finite temperature behaviour of Li interactions with graphene was investigated via
Grand-Canonical Monte Carlo (GCMC) simulations which allow to compute the thermodynamic properties of the system at any given chemical potential, µ, and temperature, T .
The GCMC results in this work were obtained with a 20x20 simulation cell of graphene containing 800 carbon atoms and 400 H-sites, while finite size effects were explored on a 25x25 cell.
The configuration space is sampled as follows: i) an adsorption site is selected at random;
ii) an attempt to reverse its state is performed, i.e. adding a Li to the site if empty or removing it if occupied; iii) the proposed move is accepted according to Metropolis 38, 39 rule with probability 
2D. Thermodynamic integration
The total differential of the grand potential per site, Φ(µ, β) can be used to obtain the following relation:
where β is the inverse temperature 1/k B T .
At constant temperature, the integration of Eq. 5 from a reference chemical potential µ 0 to a desired chemical potential µ, gives the grand potential per site Φ(µ, β) relative to the reference value, Φ(µ 0 , β), as: 
0 , T ) can be obtained using integration along the a → b → c → d path.
In order to compare the Helmholtz free energy of two phases at a given temperature, the difference between the reference grand potential values of the two phases, Φ(µ 
where
0 , β) is the free energy difference at inverse temperature β between phase 1 at chemical potentials µ
0 and phase 2 at chemical potentials µ
0 and the auxiliary inverse temperature β 0 = 1/(k B T 0 ) is such that both the average energy, E , and and the Li concentration, x, vary continuously along the path connecting the two phases.
We found T 0 = 4000 K to be sufficient for this purpose.
RESULTS AND DISCUSSION
3A. Li adsorption at zero temperature
We start by analyzing the energetic stability of the three main binding sites of graphene, namely the top (T), the bridge (B) and the hollow (H) sites (see Fig. 3 ). The results in Table 1 shows that Li atom binds preferably to the H site, in agreement with previous DFT calculations. 14, 16, 33, 40 The energy difference, ∆E ad between H site and that of B and T is beyond a few multiples of k B T at room temperature, and gets significantly higher at lower concentrations. Therefore at concentrations corresponding to 1Li:8C (single Li atom in a 2x2 supercell) and lower, Li atoms would be expected to occupy mainly the H site. We limit our investigations to Li adsorption on the H site in the rest of the discussion.
We then investigate the energetic stability of small Li-clusters as a function of supercell size (see Fig. 4 ). For all the concentrations considered, the adsorption energy calculated with respect to bulk Li is positive, which suggests that Li may not reside on the surface of a defect-free single layer graphene in equilibrium with Li-metal, which is in agreement with previous DFT calculations. 13 The stability of bulk Li can explain why the adsorption energy per atom decreases as the clusters get larger for a fixed cell size, while a qualitative difference between single adatom and cluster behavior can be observed.
For single Li adatom case, the general trend of the adsorption energy at different binding sites is the same for rVV10 and PBE functionals (see Table 1 ). Similarly, both functionals capture the correlation with cell size qualitatively the same way. The most significant differ- The observation of decreasing adsorption energy with increasing cell size in Fig. 4 implies the presence of electrostatic repulsion between adsorbates in adjacent simulation cells.
This repulsive interaction is more evident for the single Li adatom case indicating that the dipole per atom due to charge transfer in Li-graphene system is more pronounced for this configuration.
In order to gain further insight, we compute the charge density difference due to lithium adsorption:
where ρ(graphene + nLi), ρ(graphene) and ρ(nLi) are the charge density of Li-graphene composite, graphene supercell of equal size as the composite and Li-cluster in the same optimized position as in the composite system respectively, and n is the cluster size. The results for different Li configurations on a 6x6 graphene supercell in Fig. 5 show significant charge transfer between the Li atoms and graphene. In the case of Li adatom, the electrons transferred to graphene are localized on the hexagon upon which the Li atom is adsorbed, creating a net dipole (Fig. 5a ). In the case of Li clusters (see Fig. 5b-e) , the charge distribution is significantly different from that of Li-adatom since the positive charge is delocalized over the whole cluster, and not as elevated above the Li level as in the case of Li adatom. 
3B. Li-graphene interaction potential
The values for parameters of the cluster expansion model are determined by fitting to the DFT adsorption energies (see Table 2 ). On the fitting set, a root-mean-square error of stripes (S) (Fig. 7c) phases. The free energy per site of these phases at 800 K, as determined by thermodynamic integration, is shown in the upper panel of Figure 8 . The minimum free energy for Li-gas phase is negative, lower than the bulk Li reference value, meaning that a small concentration of Li adatoms can stably reside on clean single layer graphene, contrary to the prediction of calculations at zero temperature. To examine the entropic origin of this stability, we compare the potential energy and entropy terms of the free energy of each phase at its minimum, i.e. at µ = 0, as a function of temperature (see left panel of Figure 9 ).
At low temperatures, the energy term supersedes the entropic contribution in all the phases implying that free energy is positive, i.e. Li-graphene system is unstable with respect to bulk Li, in agreement with zero temperature calculations. At higher temperatures however, the entropic term dominates, stabilizing the Li-gas phase with respect to bulk Li. In the Li-islands phase, there is a cross-over from an energy-dominated region (below 1200 K)
to an entropy-dominated region (above 1200 K). In the stripe phase, energy is always the dominant term in the considered temperature range, free energy is always positive, therefore this phase is less stable with respect to bulk Li. We report in the right panel of Figure 9 that by allowing a modest 10 meV shift in chemical potential the energy-entropy balance in the various phases is significantly shifted to lower temperatures. . G, I, S and IV represent the gas(red), Li-islands(green), Listripes(blue) and islands-of-vacancies respectively. The region between the red and the green is the coexistence between the Li-gas and the Li-island phase while that between the green and the blue region is the region of coexistence between the Li-island and Li-stripes phases. The transition from the Li-stripes phase to island of vacancies as the concentration approaches to 1 is represented by the fading away of the blue region. The vertical dashed lines that extend across the panels are boundaries of the various coexistence regions at 800K.
3D. Li-graphene phase diagram
In order to identify the stable phases for a wide range of concentration and temperature, we construct the Li-graphene phase diagram using the common tangent construction. The common tangent construction at 800 K and the corresponding phase diagram boundaries are shown in the upper and lower panels of Figure 8 , respectively. The maximum concentration at which the Li-gas phase is stable is about x = 0.05, equivalent to 1Li:40C at 2000 K, and it decreases progressively with temperature and becomes practically zero at 400 K. Below 400 K, the pure Li-gas phase becomes unstable and only a mixture of the Li-gas and Li-island exists. The region of coexistence between the Li-gas and the Li-island phases extends over a The Li-stripe is observed to appear as a result of fusion of large Li-island clusters of adjacent simulation boxes. The stripe configuration hence reduces the surface of Li-clusters and provides an energetically more favorable growth path for increasing concentration, compared to continuous increase in the size of Li-islands. Obviously, in the thermodynamic limit, i.e.
in a simulation box of infinite dimension, the fusion of two Li-islands would simply result in another Li-island of larger size and not in an infinitely extended stripe. Thus, in a bigger simulation box, the critical size of Li-island beyond which the Li-stripe will begin to develop is expected to be larger, while other phases such as Li-gas may remain largely unaffected by the size. In order to explore this finite size dependence, we performed simulations similar to the one described so far in a 25x25 graphene supercell, with 1250 carbon atoms and 625 adsorption sites per cell. The results are compared in Figure 10 where the stability domains determined in the larger cell are shown by hatched regions. The Li-gas phase stability is found to be independent from the size of the simulation box implying that above 400 K and at very low concentration, Li ions will dispersed on graphene surface in the thermodynamic limit. We also observed an increase in the region of stability of Li-island phase with increasing cell size. Considering that in the bigger cell the same concentration is reached with more Li atoms (see Figure S5 in the supplementary material), we see that in the bigger simulation box, bigger islands are stabilized with respect to stripe phase. This confirms the formation of Li-stripes as an artifact of the assumed periodic boundary conditions which would eventually disappear as the cell dimension becomes infinite.
The range of concentration of the phase coexistence regions are also observed to reduce with increasing cell size. This implies that the energy barrier between phases is reduced as the simulation box gets bigger and in the thermodynamic limit the 2D Li adsorption on graphene may occur continuously from Li-gas phase to fully lithiated graphene through the path of gas phase, gas-islands coexistence, Li-island and finally to complete lithiation respectively as the Li concentration increases.
Other phases such as islands-of-vacancies and gas-of-vacancies in an otherwise completely
Li-covered graphene were also observed, however these phases are found to be very high in configurational energy. For instance, the energy required to create a single vacancy from a fully-lithiated graphene according to our model is 1.672 eV which is about six times the energy required to add a single Li atom to an empty graphene sheet, 0.287 eV. We can estimate the temperature needed to stabilize the gas-of-vacancy phase from the fact that the Li-gas phase is stable at 800 K and above. Assuming a simple proportionality gives a temperature of about 4800 K.
Conclusions
We have presented a study of the interaction of Li with single layer graphene at zero temperature by Density Functional Theory (DFT) and found that Li-graphene interaction is dominated by electrostatics due to charge transfer from Li to graphene. The trend of the adsorption energy per Li was found to be qualitatively different for Li adatoms compared to Li-clusters. This difference was found to be mainly due to drop in the transferred charge in the case of clusters. Li adatoms and small clustered considered were found to be unstable against bulk Li metal at zero temperature. Finite temperature effects were studied by a combination of cluster expansion and Grand Canonical Monte Carlo methods. We found that thermal effects are sufficient to prevent phase separation of the Li-graphene system into its constituents at low concentrations but above the stoichiometry of ≈ LiC 6 , formation of Li-clusters is energetically favorable with respect to random distribution of Li atoms at all temperatures.
Our study focuses on 2D adsorption. Our systematic approach predicts two stable phases (Li-gas and Li-cluster) and the range of concentration (i.e. the chemical potential) at which the two phases are in equilibrium. This coexistence region, that could not be captured by previous approximate finite temperature treatments, covers about one-third of the entire concentration range at low temperatures. Another phase where Li islands join and form continuous stripes was also observed during Monte Carlo simulations however, by varying the size of the simulation cell, we show that it is due to finite size effects and will eventually vanish in the thermodynamic limit. Although a simulation artifact in the case of an infinite graphene sheet, such a phase can be speculated to occur at the edges of a graphene flake and seed the lithiation.
While 3D configurations could in principle be considered and were previously theoretically shown to be more stable with respect to random distribution of Li atoms both by zero- 
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Figure S1: Adsorption energy(E ad ) of Li adatom on the hollow site of 3x3 graphene supercell as a function layer separation (LS). The infinite layer separation limit, E ad (∞) was obtained via fitting using Eq.1. The parameters of the fit are E ad (∞) = 0.662362, b=-3.04981;c=3.05586. R is the nearest neighbor distance for Li in-plane, R=3×2.47Å in the case of 3x3 supercell. The root-mean-square (rms) error of the fit is 0.77 meV.
Fig . S1 shows the adsorption energy, E ad referenced to bulk Li as a function of layer S2 separation (LS). In order to estimate the adsorption energy at infinite separation, we fit the DFT data (red curve of Fig. S1 ) to a simple function of LS and the in-plane distance between Li adatoms on surface , R:
This functional form mimics the Coulomb interaction of Li adatom and its periodic images on adjacent graphene layers, as well as the interaction with the periodic images of its nearest neighbors. Therefore at infinite layer separation, we can approximate the energy as E ad (∞).
The difference in adsorption energy between LS=∞ and LS=20Å is estimated to be 9.2 meV.
This value is smaller than the energy difference between Li-adatom and Li-cluster phases at 0K ( which ranges between 44 and 176 meV on a 3x3 supercell and between 149 and 312 meV on a 6x6 supercell ). Therefore the results calculated at LS=20Å can be considered as a good approximation to the infinite separation limit for the analysis of phase stability at 0 K.
We can confirm this by observing the electronic density profile as well: The planar average of the charge density difference in Fig. S2 shows that the charge density profile does not change significantly at layer separations above 16Å.
The impact of PBC on the model that is used in finite temperature study can be analyzed as follows: The cluster expansion interaction potential is obtained via a fit to DFT energies.
The standard deviation of this fit is 18.0 meV, while the upper-bound of the correction due to PBC is estimated to be ≈9 meV using the fit demonstrated above. Thus, the results calculated at LS=20Å can be considered as a good approximation to the infinite separation limit for the analysis of phase stability also at finite temperatures. 
Here, M is a diagonal matrix with elements that depend on the range of J for 2-body interactions and 1.0 otherwise. We used t = 0.0005 and λ = 1.0. Thus, the extra cost associated with the locality constraint is minimal and only play a significant role when less configurations than parameters are fitted.
Fitted configurations
The fitted configurations are Li-adatom in 2x2 to 8x8 supercell, Li-dimer in 3x3 to 7x7 supercells, Li-trimer in 3x3 to 7x7 supercells and Li-tetramer in 3x3 to 6x6 supercells , the 5-and 6-Li atom clusters in the 4x4 supercell of graphene and those shown in Figure S4 : Evolution of the root-mean-square (RMS) error as the number of configurations used in fitting, i.e. in the training set (TS), increases. In this analysis, we use a total of 25 different configurations of Li on graphene. Three configurations are set aside as validation set (VS) and are never included during the training of the model. Therefore, at zeroth step of the training, we have zero configurations in the training set (TS) and 22 configurations in the remaining set (RS). At each step of the training the configuration with the largest prediction error is added to TS, reducing the number of configurations in the RS by one. We continue these training steps until all 22 configurations in RS have been added to TS. Finally, for analysis purposes we also perform a training including all 25 configurations (magenta asterisk labeled as ALL). The inset shows the zoom of the plot at later steps of training where RMS error converges for TS.
Performance of the model
In Fig. S5 the deviation of the DFT energy from the energy predicted by the full model 
